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Prospective Comparison of Sequential Pulse and Single Pulse
Defibrillation With Use of Two Different Clinically Available Systems
GUST H . BARDY, MD, FACC, TOM D . IVEY, MD, MARGARET D . ALLEN, MD,
GEORGE JOHNSON, BSEE, H . LEON GREENE. MD, FACC
Seattle . Washington
Sixteen out-of-hospital survivors of ventricular fibrillation
underwent a prospective, randomized, intraoperative com-
parison of sequential pulse and single pulse defibrillation
with use of two distinct electrode systems and waveform
shapes currently available for clinical use . Defibrillation
was tested alternately with either the single pulse or the
sequential pulse system 10 s into an episode of ventricular
fibrillation . Sequential pulse defibrillation was performed
with two 4 ms truncated exponential pulses of constant
duration delivered to three equally spaced oval epicardial
patch electrodes composed of concentric coils . The poste-
rior left ventricular electrode served as the common cath-
ode. The first anode was over the anterior right ventricle
and the second anode was over the anterior left ventricle .
Single pulse defibrillation was performed with the standard
intracardiac defibrillation system with use of a single trun-
cated exponential pulse with a fixed 65% tilt delivered
across two rectangular, wire mesh epicardial patch elec-
trodes positioned over the anterior right ventricle and
posterolateral left ventricle .
During defibrillation threshold determination, voltage
and current waveforms were recorded and used to deter-
The functional utility of sequential pulse defibrillation has
been controversial since the concept was first proposed by
Wiggers (1) . Initial animal studies (2-4) promised reductions
in defibrillation thresholds compared with those produced by
single pulse defibrillation, but studies in humans (5-8) have
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mine pulsing resistance and delivered and stored energy .
Average defibrillation threshold leading edge voltage for
the single pulse technique was 273 ± 101 V compared with
246 ± 67 V (11% less) for the sequential pulse technique
(p = 0 .136) . Defibrillation threshold leading edge current
for the single pulse technique was 6 .7 ± 2 .5 A compared
with 5 .2 ± 1 .7 A (2 % less) for the sequential pulse method
(p = 0 .005) . The defibrillation threshold delivered energy
was 5 .6 ± 4 .0 J for the single pulse technique and 3 .5 ± 1 .8
J (38% less) for the sequential pulse technique (p = 0 .021) .
The defibrillation threshold stored energy for the single
pulse technique was 6 .3 ± 4 .3 J compared with 4 .0 ± 2 .0 J
(37% less) for the sequential pulse technique (p = 0 .013) .
In survivors of cardiac arrest, the clinically available
sequential pulse three electrode defibrillation system is at
least as viable as the standard single pulse two electrode
system for defibrillation of the heart . In some individuals,
the sequential pulse system utilizes substantially lower
current and energy to defibrillate than does the single pulse
system .
(J Am Coll Cardiol 1 8  ;14 165-71)
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yielded equivocal results for sequential pulse defibrillation .
Moreover, it has been difficult to clinically compare the
efficacy of sequential pulse defibrillation and single pulse
defibrillation because viable lead systems and pulse genera-
tors for sequential pulse defibrillation have heretofore been
unavailable . For the most part . previously available investi-
gational lead systems proved impractial because of lead
system configuration and impedance .
Given the advent of two distinct clinically available
implantable defibrillators (  .10), it has become relevant for
the electrophysiologist to know the relative efficacy of these
two systems in a clinical setting . The purpose of this study,
therefore, was to determine in humans whether sequential
pulse defibrillation is comparable in efficacy with single pulse
defibrillation when clinically available epicardial electrode
systems are used .
0735-10 7/8 /$1 .50
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Table 1 . Clinical Data in 16 Cardiac Arrest Survivors
AICD = automatic implantable cardioverter-defibrillator   Amio = amiodarone   CABG - coronary artery bypass grafting   CAD - coronary artery disease  
CHB = complete heart block
  CM = cardiomyopathy   F = female   HCM = hypertrophic cardiomyopathy   LVEF = left ventricular ejection fraction   M = male  
S/P = status post
  VF = out-of-hospital ventricular fibrillation .
Methods
Study patients . After informed consent was obtained,
single and sequential pulse defibrillation thresholds were
determined intraoperatively in a prospective and random
fashion in 16 out-of-hospital survivors of primary ventricular
fibrillation and undergoing implantation of an automatic
cardioverter-defibrillator (Table 1) .
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Data acquisition. A schematic diagram of the defibrilla-
tion and measurement system used in this study is shown in
Figure 1 . The alternating current fibrillator used to induce
ventricular fibrillation delivered a constant 60 Hz sinusoidal
waveform to the heart . The voltage and current of the
defibrillation shock were measured with use of a voltage and
current probe . The voltage probe consisted of a 100  1
Tektronix 2230 Digitizing
Oscilloscopes
Figure 1 . A schematic diagram of the
defibrillation and measurement system
used in this study . See Methods sec-
tion for further details,
Case
No
.
Age (yr)
& Gender
Heart Disease
Clinical
Arrhythmia LVEF
Drugs at Time
of Defibrillation
Testing Surgical Procedure
1 50M CAD V F
0.40 CABG, patches only
2 33M
CM V F 0.60 AICD
3 35M CM VF 0.64
AICD
4 61M CAD
VFx2 0.23 AICD
5 38F CHB . myotonic dystrophy VF 0.60 Amio AICD, VVI pacer
6 62M CAD. S/P CABG
VF 0.42 Amio AICD
7
44F CM. CHB VFx2 0.33 ACID, VVI pacer
8 55M CAD VF 0.28 AICD
. CABG
  65M
CAD VF 0.18 AICD. CABG
10 41M CM VFx3 0.6  Amio AICD
I I 64M CAD
V F 0.65 AICD. CABG
12
4 F HCM VF 0.4  AICD
13 61M CM V F 0.60 AICD
14 41M
CAD VFx2 0.38 AICD, CABG
15 6 M CAD VF 0.37 AICD. CABG
16 50F CAD. CM
VF 0.34
AICD
Mean
51 0.45
SD ±12 ±0.16
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resistive voltage divider providing a signal of I V for every
100 V of delivered voltage . The current probe consisted of a
0.5 fl resistor in series with the patient load providing a
signal of I V for every 2 A of delivered current . These signals
were then passed through differential amplifiers (Tektronix
AM 502) at unity gain to provide a degree of isolation . The
signals were then sent to two digital storage oscilloscopes
(Tektronix 2230) for display and storage of the voltage and
current waveforms . The signals were digitized at a rate of 10
MHz. The digitized waveforms were then sent to a computer
(Wells American, AT compatible) over an IEEE-488 bus
(Capital Equipment) . The waveforms were then analyzed by
the computer and the various waveform variables of voltage,
current, resistance, delivered energy and stored energy were
determined . The delivered energy was calculated by inte-
grating the voltage and current waveforms .
Stored energy calculations . When calculating stored en-
ergy on the capacitor, the following four equations were
used  
Stored energy = (E s ) = 0.5CV,' [I]
V, = V
1
+ V ; [2)
V ; = I,,R, .
	
[3)
Therefore,
E, = 0.5C(V
L
+ 1,,R;)2. [41
The value of the energy stored (E,s) on a capacitor is one half
the product of the capacitance (C) and the square of the
voltage across the capacitor (V c) (equation 1). In this case,
the capacitor voltage (V t ) is equal to the sum of the load
voltage (V I_) and the voltage across the internal resistance of
the pulse generator (V i) (equation 2) . If the value of the
internal resistance (R;) is known, then the voltage drop
across the internal resistance can be calculated (equation 3) .
Because VL rather than V,  was being measured, the voltage
drop (V ;) across the internal resistance (R ;) had to be taken
into account when calculating the stored energy (equation 4) .
The values for V I , and 1L in these equations for stored energy
are the leading edge values of the load voltage and current
waveforms . The internal resistance was 2 .1 ci for the single
pulse generator and 5 .0 fl for the sequential pulse generator .
The capacitance was 135 µF for the single pulse generator
and 50 AF for the sequential pulse generator . Knowledge of
these factors allowed for calculation of stored energy values
of each defibrillation pulse .
Determining defibrillation thresholds . All defibrillation
threshold determinations were conducted while the patient
either had no hemodynamic support or was on partial
normothermic cardiopulmonary bypass . Ventricular fibrilla-
tion was induced with 60 Hz alternating current applied to
the anterior right ventricle . Before any reinduction of ven-
tricular fibrillation at least 3 min elapsed and care was taken
BARDY ET AL .
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Figure 2. The electrode on the left (CPI model 0041) is one of the
two epicardiai patches used in the single pulse defibrillation tech-
nique . The electrode on the right (Medtronic model 68 2) is one of
three epicardial patches used in the sequential pulse defibrillation
technique .
to ensure that surface ECG signals and systemic and pulmo-
nary hemodynamic variables returned to baseline . Defibril-
lation measurements were made in random fashion with
either the single pulse or the sequential pulse defibrillation
system tested first .
Single pulse defibrillation system . Single pulse defibrilla-
tion was performed with the standard external cardioverter-
defibrillator (CPI model ECVD), which was used in conjunc-
tion with two identical large wire mesh rectangular patch
electrodes (CPI model no . 0041) (Fig. 2) placed over the
anterior right ventricle and posterolateral left ventricle (Fig .
3) . The area of each of these electrodes is 34 cm' (electrical
shadow area). These leads have a resistance of approxi-
mately I Q .
The pulse generator for the standard single pulse defibril-
lation svstem
delivered a truncated exponential waveform
with a tilt of 65% . The single pulse generator varied output as
a function of stored energy settings . Available energy set-
tings were in I J increments between settings of I to 5 J and
in 5 J increments between settings of 5 to 40 J . Determination
of the defibrillation threshold for the single pulse method
began by delivering a 10 J pulse (approximately 400 V) 10 s
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Single Pulse Sequential Pulse
V( V(
N
Anterior RV
PS{Anterior LV
Figure 3 . The standard single pulse defibrillation technique used
two large defibrillation patch electrodes (CPI model 0041) placed
over the anterolateral right ventricle (RV) and posterolateral left
ventricle (LV) . The sequential pulse defibrillation technique used
three electrodes (Medtronic model 68 2)   the posterior septal (PS)
ventricular electrode served as the common cathode (-), the
anterior right ventricular (RV) electrode served as the first anode
(+I) and the anterior left ventricular (LV) electrode served as the
second anode (+2) .
after the onset of ventricular fibrillation . If the initial 10 J
setting was successful, pulse amplitude was then decreased
to a 5 J setting (minimal step available) and ventricular
fibrillation was reinduced . If the 5 J setting was successful,
subsequent attempts at defibrillation were made in I J
decrements from a 4 J to a 1 J setting . If the initial 10 J setting
was unsuccessful, a rescue shock was delivered promptly
and, on re-fibrillation, the starting amplitude was increased
to 15 J . This process of increasing the initial energy setting
by 5 J increments was repeated until the first pulse in an
episode terminated ventricular fibrillation .
Sequential pulse defibrillation system . The sequential
pulse defibrillation system consisted of three equal-sized
oval epicardial patch electrodes with concentric coils
(Medtronic model no . 68 2) (Fig . 2), applied equidistantly
from one another with two of the electrodes positioned over
the left ventricle and one positioned over the right ventricle
(Fig. 3). The electrical shadow area of each of these elec-
trodes is 27 .6 cm'. These leads have a resistance of approx-
imately 3 fl .
The external pulse generator for the sequential pulse
defibrillation system (Medtronic model no . 2376) delivered
two 4 ms truncated exponential pulses of constant duration
with an interpulse separation interval of 0 .1 ms . The sequen-
tial pulse generator varied output as a function of leading
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edge voltage settings . Defibrillation using the sequential
pulse method was first attempted with a 350 V setting
(approximately 7 J) 10 s into ventricular fibrillation . Because
no previous reference was available to help select the initial
starting voltage for the sequential pulse technique with this
lead system in survivors of sudden death, we chose a starting
voltage of 350 V, which approximated the median value for
single pulse defibrillation in similar patients in a previous
defibrillation study (6) . This 350 V setting was successful in
each patient. Thereafter, defibrillation was attempted with
progressively smaller amplitude pulses . Pulse amplitude was
first decreased by 50 V steps down to a 200 V setting and
then by 20 V steps for settings below 200 V before reinduc-
tion of ventricular fibrillation . This process was repeated
until ventricular fibrillation could not be terminated with the
initial discharge .
Data analysis . Statistical analysis of the data was per-
formed with use of paired Student's t tests to compare the
two electrode configurations with respect to leading edge
voltage, leading edge current, resistance, delivered energy
and stored energy at defibrillation threshold values . The
defibrillation threshold was defined as the lowest pulse
amplitude that could successfully terminate ventricular fi-
brillation with only one discharge delivered 10 s after initia-
tion of the fibrillation . After defibrillation threshold was
determined with one method, it was determined with the
alternate method so that each patient served as his or her
own control . Although defibrillation is, to a degree, a statis-
tical phenomenon, the definition of defibrillation threshold
chosen for this study adjusts to the clinical realities and
limitations of repetitive induction of ventricular fibrillation in
the operating room in patients with significant structural
heart disease . Although a strength-efficacy curve would be
preferred. its use would require acquisition of large numbers
of fibrillation-defibrillation episodes, which is clinically un-
realistic . We, therefore, relied on the statistical method of
the two-tailed t test to accommodate for the inherent limita-
tions of the defibrillation threshold .
Results
Clinical characteristics (Table 1) . All 16 patients were
out-of-hospital survivors of ventricular fibrillation . Twelve
were men ; 4 were women . Nine had coronary artery disease
and eight had a cardiomyopathy (one patient had both) . The
mean age was 51 -} 12 years. The average ejection fraction
was 0.45 ± 0 .16 .
Defibrillation data (Table 2). The total number of ventric-
ular fibrillation episodes induced for determining the defibril-
lation threshold was similar for each method   3 .2 ± 0.6 for
single pulse and 2 .  ± 0.3 for sequential pulse defibrillation,
p = NS . The pulse duration for the 65% fixed tilt single pulse
system was 6 .4 ± 0.  ms . The pulse tilt for the 4 ms fixed
duration sequential pulse system was 74 ± 7% . A repre-
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Table 2. Defibrillation Threshold Data in 16 Patients
*Discrepancies between actual leading edge voltage settings and measured leading edge voltages in the case of sequential pulsing and discrepancies between
actual energy settings and calculated stored energies in the case of single pulsing are a function of component tolerances and internal resistances found in the two
pulse generators employed in this study . Stored energy values were calculated considering the differences between measured leading edge voltages and voltages
across the capacitor by taking into account voltage drops across loads intrinsic to the pulse generator . Simply applying the equation 1 ;2 CV'- to the voltage shown
in the table is not correct . See Methods section for details . Voltage is measured leading edge voltage across the defibrillation electrodes . not the capacitor . Current
is measured leading edge current . Resistance is calculated from leading edge voltage and current .
sentative recording of the single pulse waveform and the
sequential pulse waveform are shown in Figure 4 .
The measured leading edge voltage defibrillation thresh-
old for the single pulse system was 273 ± 101 V for the single
pulse system and 246 ± 67 V (11% less) for the sequential
pulse system (p = 0.136) . The measured leading edge current
was 6.7 ± 2.5 A for the single pulse system and 5 .2 ± 1 .7 A
(2 % less), (p = 0.005) for the sequential pulse system. The
mean resistance with use of the single pulse system was 41
7 1Z and 50 ± 12 f2 (22% more) for the sequential pulse
system (p = 0 .008) . The minimal delivered energy needed for
defibrillation with the single pulse system was 5 .6 ± 4 .0 J and
that for the sequential pulse system was 3 .5 ± 1.8 J (38%
less) (p = 0 .021). The minimal stored energy needed for
defibrillation was 6 .3 ± 4 .3 J with use of the single pulse
system and 4 .0 ± 2.0 J (37% less) with use of sequential
pulse system (p = 0 .013) (Fig . 5) .
Discussion
Multiple variations in defibrillation pulsing techniques from
that used historically in the automatic implantable cardio-
verter-defibrillator (AICD) have been tried in short-term
animal and human studies . Until recently, however, none of
these different pulsing methods has been available in a
device suitable for human implantation . With the advent of a
new. multiprogrammable antiarrhythmia device capable of
delivering sequential pulses (10), a comparison of single and
sequential pulse defibrillation systems has acquired immedi-
ate clinical relevance . Of particular concern to the practicing
electrophysiologist is whether any new defibrillation meth-
odology is sufficiently comparable in efficacy to the currently
accepted one to allow clinical use . For survivors of ventric-
ular fibrillation, sequential pulse defibrillation using clini-
cally available systems is at least as effective as the standard
single pulse system. Sequential pulse defibrillation delivered
energy requirements with the clinically applicable electrode
system illustrated in Figures 2 and 3 are 38% less than those
needed for single pulse defibrillation using the optimal lead
system available .
Advantages and disadvantages of the two systems . There
are several limitations of this study that make a strict
scientific comparison of the two defibrillation methods dif-
ficult . Differences in electrode surface area (11), electrode
resistance (6), waveform tilt (12), pulse generator capaci-
tance (12,13) and electrode location (5,8) can all affect
defibrillation efficacy . For example, in the case of electrode
surface area, the three patches used in the sequential pulse
system have a larger combined surface area than that of the
single pulse electrode system, thereby favoring lower de-
Voltage (V)* Current (A) Resistance (11) Delivered Energy (J) Stored Energy*
Case
No .
Single
Pulse
Sequential
Pulse
Single
Pulse
Sequential
Pulse
Single
Pulse
Sequential
Pulse
Single
Pulse
Sequential
Pulse
Single
Pulse
Sequential
Pulse
1 431 348 8 .6 4 .  50 71 12 .1 5 .  13 .6 6 . 
168 183 3 .4 4 .0 51) 46 1 .7 1 .  2 .1 2 .1
3 280 328 6 .6 8 .6
42
38 5 .6 6 .1 5 .8 6 . 
4 273 283 7 .1 6 .4 3  45 5 .5 4 .4 5 .6 5 .0
5 436 235 8 .7 4 .6 50 52 13 .1 2 .  13 .  3 .3
6 42  336 10 .7 6 .3 41 54 13 .0 6 .1 13 .8 6 .8
7 156 175 4 .4
2
.4 36 76 1 .  1 .4 2 .0 1 .7
8
283 228 5 .8 4
.7
4  47
53 2 .6
5 . 
3 .2
  171 175 6 .1 5 .3 28 33 2 .0 1 .  2 .3 2 .0
10
250
280 6 .  5 .6 36 50 3 .7 4 .6 4 .  5 .7
II 264 170 5 .1 2 .  52 57 3 .8 1 .6
5
.1 2 .0
12 116 168 3 .0 3 .8 38 44 0 .  1 .6 1 .0 1 .8
13 180 180 4 .2 4 .2 43 43 2 .0 1 .7 2 .4 2 .0
14 344 280 11 .3 7 .5 30 37 7 .6 4 .4   .6 5 .0
15 317 330   .4 7 .2 34 46 6 .4 6 .0 8 .0 6 .7
16 268 242 6 .3
4,3
42 56 4 .3 3 .0
5
.4 3 .5
Mean
273 246 6 .7 5
.2
41 50 5 .6 3 .5 6 .3 4 .0
±SD ±101 ±67 +2 .5 ±1 .7 1 7 ±12 ±4 .0 *_1 .8 ±4 .3 ±2 .0
p Value = 0 .136 = 0 .005 -
0
.008 = 0 .021 = 0 .013
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Single Pulse
42 v
10.7A
R 41(1
PW 6.4 me
Tilt 60%
Es 118J
13.01
Figure 4 . Patient 6 . The waveforms show differences in leading
edge voltage (V 1 ,), leading edge current (13, resistance (R), pulse
width (PW), tilt, stored energy (E s ) and delivered energy (E d ) for the
two types of pulses used for defibrillation . In this patient, sequential
pulse defibrillation required less than half of the stored or delivered
energy required by the single pulse technique to restore sinus
rhythm .
fibrillation thresholds with the sequential pulse system .
Alternatively the higher capacitance of the single pulse
generator provides more energy for any particular voltage
than does the sequential pulse generator, thus favoring the
single pulse method. Also favoring the single pulse method is
the lower electrode system resistance (41 versus 50 St),
which allows more current to be delivered to cardiac tissues
with the single pulse method for any starting voltage across
the capacitors. It follows, therefore, that a strict scientific
comparison is unrealistic .
Regardless of the technical differences between defibril-
lation methods, we nevertheless now have two practical
choices for defibrillation, both systems having clinical ad-
vantages and disadvantages . One, therefore, must consider
the two defibrillation methods from the perspective of pa-
tient care as well as from the scientific one . Several factors
need consideration. The electrodes used in the three patch
sequential pulse system are constructed from pliable multi-
ple coil systems, which, in our experience, conform more
readily to the heart's surface than do the electrodes used in
the single pulse defibrillation method . Because the coil
configured electrode used with the sequential pulse system is
JACC Vol . 14, No
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Single
Pulse
Sequential
Pulse
Figure 5 . Defibrillation threshold (DFT) values for stored energy
for the single pulse and sequential pulse defibrillation methods .
more malleable to the heart's surface, the implanting physi-
cian might prefer these leads to the stiffer wire mesh patches
used in the single pulse system, which have been reported to
crumple (14) . The more flexible sequential pulse electrodes
may also be less likely to interfere with bypass grafts in those
patients concomitantly undergoing coronary revasculariza-
tion in addition to defibrillator implantation . On the other
hand, the sequential pulse patch electrode system has the
disadvantage of having a larger combined surface area of
82.8 cm' compared with 68 cm' for the single pulse system ;
this has relevance to transthoracic defibrillation . In animal
studies by Walls et al . (15), epicardial patch electrodes were
shown to make transthoracic defibrillation more difficult .
One, therefore, might prefer the smaller electrode single
pulse system to the one used in the sequential pulse system
to prevent interference with potentially needed transthoracic
defibrillation .
Theory of sequential pulse defibrillation . Why sequential
pulse defibrillation may be more efficacious than single pulse
defibrillation is unclear . It may depend on the proposed
ability of sequential pulse techniques to apply a greater
current density and a more even current distribution to
fibrillating myocardium. Bourland et al . (3) proposed that a
two patch single pulse defibrillation system results in high
current densities near the electrodes and in low current
densities far from the electrodes . This occurrence results in
uneven current distributions, thereby requiring the use of
higher intensity shocks to depolarize cells distant from the
electrodes that simultaneously may be more damaging to
tissues near the electrodes . By using three electrodes, a
more uniform and less injurious current distribution can be
achieved . However, a more uniform current distribution can
be obtained only if sequential pulsing is used . If one pulsed
simultaneously from one cathode to two separate anodes
(Fig. 3), low current densities would still occur between
electrodes of like polarity . Therefore, Bourland et al . (3)
reasoned that separation of defibrillating pulses over a very
short time period (0.1 ms) prevents unhelpful vector sum-
mation of the fields near like polarity electrodes and thus
facilitates a more uniform current distribution .
JACC Vol . 14 . No . I
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Pulse generator differences and the defibrillation threshold
voltage . Although this study has demonstrated differences in
defibrillation threshold current, delivered energy and stored
energy between the two defibrillation pulsing systems, a
statistically significant difference in leading edge voltages
has not been shown . We believe that this finding is a
consequence of the difference in the two pulse generators
used and therefore requires elucidation . Because stored
energy is calculated from the equation   E s = 1/2 C V C 2 where
Et is the stored energy, C is the capacitance and V is the
voltage across the capacitor), the higher 135 µF capacitance
of the single pulse system allows more energy to be stored
for any particular voltage. Therefore, single pulse voltages
were lower than what would have been expected if pulse
generator capacitance were equal for the two methods .
Nevertheless, even with the single pulse method's advantage
of a higher capacitance, a trend toward lower leading edge
voltages was found with the sequential pulse system . These
considerations imply that the leading edge voltage for the
sequential pulse system might have been substantially less
than that for the single pulse defibrillation system had
comparable values of capacitance been used for both pulsing
methods .
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